ABSTRACT ABRAM, DINAH (Purdue University, Lafayette, Ind.), A. E. VATTER, AND HENRY KOFFLER. Attachment and structural features of flagella of certain bacilli. J. Bacteriol. 91:2045Bacteriol. 91: -2068Bacteriol. 91: . 1966.-The attachment of flagella to cells of various mesophilic and thermophilic strains of Bacillus was studied electron microscopically. Studies of ghost cells and membrane fragments indicate that flagella are connected to the cytoplasmic membrane. Flagella removed from cells mechanically, during autolysis, or by phage lysis, have attached to the base of their proximal hooks material that is heterogeneous in character. In part, this material consists of cytoplasmic membrane; its varied shape appears to be caused by the folding of the membrane around the proximal end of the flagellum at the site of attachment. It is uncertain whether this material represents a real structure or an artifact. Highresolution microscopy reveals differences in the fine structure of intact flagella of the various strains studied. The proximal hook and the flagellar filament are distinct in morphology and fine structure. A specialized structure is associated with the hook of flagella of B. brevis and B. circulans. The filament of flagella of B. stearothermophilus 2184 has two regions that show marked differences in the manner in which the subunits appear to be organized. No correlation was found between the site of origin of flagella and the location of reduced tellurite when the reduction of potassium tellurite was used to indicate the loci of enzymatic respiratory activities.
In a previous paper, we reported on the basal structure and attachment of flagella of Proteus vulgaris (3) . Most of these observations were made on flagella attached to ghost cells and to fragments of cell wall-membrane complexes. Bearing in mind the different properties of the cell envelope of various bacteria (12) and the relative ease with which the cell wall and the cytoplasmic membrane in some bacilli can be separated and identified (1), we extended our study to several mesophilic and thermophilic strains of Bacillus. Observations of these organisms yielded information concerning the intracellular origin and the attachment of the flagella to the cytoplasmic membrane, differences in the fine structure of intact flagella, and differentiation within these organelles. Electron micrographs of detached flagella and of flagella attached to intact and ghost cells or Cultures of B. pumilus were grown for 4 to 6 hr at 37 C (the early exponential phase of growth), and then placed at 5 to 10 C. After 3 days to 2 weeks, cell suspensions were prepared as described above. Cells in the exponential phase of growth were used to study the reduction of potassium tellurite. A 1-ml amount of a 0.05 to 0.1%lo aqueous solution of potassium tellurite was added to each culture on agar slants containing 6 to 8 ml of medium. The Isolated flagella from cells in the exponential and stationary phases of growth were prepared according to the procedure described previously (2) . Both the crude and the final purified preparations were examined for detached flagella.
Specimens for electron microscopy were prepared from cell suspensions kept at room temperature for no longer than 30 min, or from freshly isolated flagella that were kept for no longer than 5 days at 5 C. In the experiment represented by Fig. 28g , a flagellar isolate frozen at -5 C was used. The specimens were negatively stained with 1 % potassium phosphotungstate (PTA) at pH 6.8 to 7.2 or with 0.25 to 0.5% uranyl acetate atpH 4.4 to 4.6, or were shadowcast with palladium. The preparation of the specimens and their examination in the electron microscope were the same as described previously (1) .
RESULTS
Attachment of flagella to the cytoplasmic membrane. Selected examples from many preparations show that there is a close association and apparent connection between flagella and the cytoplasmic membrane ( Fig. 1 The protoplastic origin of the flagella can be observed through the relatively electron-lucid cell wall of ghosts of B. stearothermophilus 2184 ( Fig. 1 to 3 ). These ghosts are from cells that had been exposed for 4 hr to tellurite (see Materials and Methods). In Fig. 1 , the attachment of flagella to the plasmolyzed protoplast is shown by the concomitant stretching of the membrane at the points of flagellar insertion. In other ghosts from which most of the protoplast is extruded, the flagella are attached to the stretched membrane that remains within the cell wall ( Fig. 2 and 3 ). This observation indicates that the flagellum and the membrane are firmly connected, and in these cases the flagellum prevents the membrane from being extruded. In some instances, flagella associated with fragments of ghost cells are attached to smaller membrane fragments ( Fig. 4 and 29) . However, in other specimens only spherical, mushroom-or discshaped structures are observed at the base of the flagella inserted in ghost cells ( Fig. 5 and 29) . Figure 5 shows a portion of a ghost cell of B. stearothermophilus 2184; the structures attached to the bases of flagella vary in morphology and size (from 250 to 600 A). The bases of the attached flagella of a ghost of B. circulans (Fig. 29) exhibit mushroom-or disc-shaped structures, 110 to 140 A in diameter. The shape and size of such structures in ghost cells of B. brevis may depend on the physiological state of the cells and appear to be related to the integrity of the cell envelope ( Fig. 6 and 7) . The flagella attached to the ghost shown in Fig. 6 originate in small disc-shaped structures; the cell wall appears to be almost completely disintegrated. The cell wall of the ghost shown in Fig. 7 , on the other hand, appears to be intact; fragments of membranous material are associated with the bases of the flagella.
Specimens of cell suspensions of phage-lysed cultures of B. stearothermophilus 194 contain many large fragments of cytoplasmic membrane with attached flagella. The membranes are easily identified by their characteristic fine structure ( Fig. 8 to 11 to the cytoplasmic membrane (cm) that remained within the cell wall (w) in ruptured ghost cells; againi niote that the membrane is stretched at these points (arrows). In Fig. I and 3 , electronz-opaque crystals ofreduced tellurite (Te) can be observed in the protoplast. In Fig. 2 these crystals appear to adhere to the flattented cytoplasmic membranie (cm) that was extruldedfrom the cell wall. Negatively stainted with PTA. Figure 1 , X 36,000; Fig. 2 6 and 7. Two cell wall ghosts ofautolyzed cells ofBacillus brevis from a culture in the stationary phase of growth. In Fig. 6 the cell wall (w) is almost completely disintegrated, and theflagella originate in small disc-shaped bodies (d). In Fig. 7 the cell wall appears intact, and the flagella attached to it are associated with what are believed to be fragments ofcytoplasmic membrane (cm). The hooks have a cross-banded surface structure (arrows). Negatively stained with PTA. Figure 6 , X 74,000; Fig. 7 but not all of the preparations, and its shape and size vary among flagella present in the same preparation as well as among different preparations of flagella from the same or different organisms; it is either spherical, mushroomshaped, or disc-shaped. Frequently, membranous material, which can be identified by its characteristic fine structure to be in part cytoplasmic membrane, is attached to the proximal end of the flagellum (Fig. 18a, d , f, g, i, k and 1). This element, located at the attachment site of the flagellum, sometimes appears more electron-lucid than the surrounding material (Fig. 18a, b, d , f, i, and 1); on rare occasions, such elements appear to have structural identity (Fig. 28g) . However, in other cases this membranous material does not show any differentiation ( Fig. 18c and h ). The heterogeneity of the material associated with the bases of flagella of B. stearothermophilus 194 is illustrated in Fig. 18 and 19 . The disc-shaped basal complex of the flagellum is seen more frequently in preparations of B. pumilus and B. circulans ( Fig. 28 and 32 ) than in preparations of flagella of other organisms.
It was observed that the number of detached flagella that have material attached to their proximal ends can be increased if these organelles are mechanically detached from cells in the stationary rather than exponential phase of growth or are obtained from phage-lysed cells. Apparently, the cell wall is partially digested during autolysis or lysis by bacteriophage, and membrane fragments remain connected to the detached flagella. On the other hand, in cells from cultures that are in the exponential phase of growth, the flagella tend to separate more cleanly from the cells.
From the observations noted thus far, it is not clear whether the material at the base of the flagellum is a separate structural entity. It might be a portion of the cytoplasmic membrane that assumes different shapes when it folds around the proximal end of the flagellum. This structure can be identified only when it is associated with the base of the flagellum, since it possesses no distinct morphological features of its own.
Attempts were made to correlate the origin of flagella in cells with sites at which the reduction of potassium tellurite occurs. The deposition of reduced tellurite had been used previously to indicate sites of respiratory enzyme systems (4, 10, 13-15). van Iterson and Leene (13) suggested that the thin rodlike crystals of reduced tellurite at the cell periphery may be the sites from which the flagella emerge. The enzymatic nature of the reduction of potassium tellurite was confirmed by our observation that the optimal temperature for this reaction in mesophilic organisms was 35 to 40 C, whereas it was 55 to 65 C in the case of the thermophilic organisms. No reduction occurred at 55 and 26 C in the case of mesophiles and thermophiles. respectively. The cells that were incubated in the presence of tellurite were negatively stained. Figures 16 and 17 show cells of B. stearothermophilus 2184 that were incubated at 58 C in the presence of potassium tellurite for various periods of time. They are representative of results obtained when other organisms were used. However, the number, shape, and size of the crystals of reduced tellurite are not constant from one organism to another, and in different preparations of one strain ( Fig. 16 and 17) . Incubation for 4 hr in the presence of tellurite results in an accumulation of many elongated reduced tellurite crystals within the protoplast (Fig. 16) . Few details within the protoplasts can be seen because of the size and number of the crystals. Many cells in these suspensions are ruptured and appear as ghosts ( Fig. 1 to 3 ). In the case of shorter incuba- (Fig. 17a, b, c) . Because of the size of the reduced tellurite crystals, the accurate localization of the reducing activity within the cells is not possible. The few flagella that can be seen attached to treated cells (Fig. 17a, b, c) originate in areas of the protoplast that are devoid of such crystals. Although the reduced tellurite crystals adhere to the cytoplasmic membrane that is extruded from ruptured cells (Fig. 2) , in intact cells they are scattered irregularly all over the protoplast; also, in intact cells they rarely are observed to be associated with the mesosomes (Fig. 17a, b, c) . However, it is possible that a small amount of reduced tellurite may be associated with the mesosome and can be visualized in sectioned preparations as was demonstrated by van Iterson and Leene (13) .
Structure of the flagella. Terminal hooks were previously described in shadow-cast (6, 7) and in negatively stained (5, 9, 11) preparations. The differentiation in fine structure of the flagellum into a proximal hook region and its continuation, the filament, was shown in flagella from cells of P. vulgaris (3). Such differentiation, both in morphology and in fine structure, was observed in the flagella of all strains of bacilli employed in this study (Fig. 18, 19 , and 21 to 32). The following differences in the fine structure of intact flagella from the various organisms were also observed (Fig. 18, 23 and 27 ).
(i) In flagella of B. stearothermophilus 194 ( Fig.  19 and 21) , the diameter of the filament is 125 to 145 A, and its edges are somewhat diffuse. An ordered pattern of subunits, 30 to 40 A in diameter, results in an oblique array that suggests a spirally arranged filament. The diameter of the hook, 110 to 120 A, is smaller than that of the filament; its edges are smooth and the subunits are not arranged in a distinct pattern. The fine structure characteristic to the proximal hook region extends into the spiral portion of the filament, and the length of this region is from 50 to 150 m,u; it varies in different flagella, even when they originate from the same cell (Fig. 10) .
(ii) Flagella from cells of B. stearothermophilus 2184 show two flagellar structures (Fig. 22 to 26) . The filament of a typical flagellum is 150 to 160 A in diameter with a finely granular surface free from appendages. In contrast, portions of the filament are 300 to 350 A in diameter and seem to consist of a central filament, 100 to 120 A in diameter, surrounded by a mat of fine fibers, 10 to 20 A in diameter, which are helically arranged around the central filament. The helix is righthanded (Fig. 22 ) and usually cannot be followed for more than several turns. The most common arrangement of the fibers around the central filament, as judged by stereoelectron microscopy, appears to be that of many short frayed ends. The change in the diameter of the filament that occurs at the point where the surrounding mat begins or ends can be readily observed (Fig. 22, 24 , and 25a and c). The matted region of the filament is usually basal, starting just beyond the bend of the hook, which is smooth and has a diameter of 120 to 130 A. This region varies in length, extending along the filament for distances of less than 0.1 ,u to more than 1 ,u. Rarely, a short matted region occurs at nonbasal locations (Fig. 26) (Fig. 6, 7 , and 29 to 32). In the flagella of B. brevis, this structure was seen only when the organelles were attached to ghost cells ( Fig. 6 and 7) , but was never present on detached flagella. In the case of the flagella of B. circulans, on the other hand, this structure is present regardless of whether the flagella are detached (Fig. 32) or still attached to ghost cells (Fig. 29) or membrane fragments ( Fig. 30 and 31 ). This element is cross-banded and has been observed to exist in various states of FIG. 9-1 1. Micrographs from a preparation similar to the one shown in Fig. 8 . In this specimen many of the flagella (arrows) that are attached to the cytoplasmic membrane (cm) do not originate at sites that are morphologically distinct ( Fig. 9 and 11) . Otherflagella attached to a circular fragment ofmembrane (cm) in Fig. 10 originate from spherical or mushroom-shaped structures; these might result from a folding of the membrane (fm). The proximal ends of some flagella are attenuated, as if the point of attachment has been stretched (c). The proximal end ofseveralflagella is separatedfrom the cytoplasmic membrane by a thin disc plate (d) (Fig. 9b and d, and 11 ). Notice the differentiated regions oftheflagella (hook, hr;filament, f) and thefine granular texture of the membrane. Negatively stained with PTA. Figure 9a , X 92,000; Fig. 9b and c, X 220,000; Fig. 9d , X 160,000; Fig. 10 , X 230,000; Fig. 13b andcc, electron-lucid material of varying appearance is present at the connecting sites between flagella and the membrane (arrows); in Fig. 13a and d, such material is less clearly defined or absent. In Fig. 13d the membrane and the hook appear stretched. Notice the region of the filament showing a diffused matlike surface structure (mr) that starts beyond the proximal hook (hr). Negatively stained with PTA. Figures 12a, b, and Fig. 13a, b, and d, X 350,000; Fig.  13c, X 284,000 . 2055 FIG. 14 and 15. Flagella attached to fragments ofcytoplasmic membrane in suspensions ofcells preparedfrom cultures ofBacillus pumilus that were chilledfor 6 days at their early exponential phase ofgrowth. Holes or tears of the cytoplasmic membrane (ho) are present at the base of many of theflagella, which originate in disc-or mushroom-shaped structures (arrows). These structures may result from the folding of the disrupted membrane. Notice the flagellum in Fig. 15 that is attached to intact membrane at the constricted end (c) of its proximal hook and does not appear to originate in morphologically distinct material. Negatively stained with PTA. Figure 14 , X 140,000; (Fig. 32a to o) . When intact, it shows six bands or levels ( Fig. 32a to f) . Various states of disorganization of this element can be seen in Fig. 32g , h, i, and m. Sometimes this structure appears so dispersed that the cross bands can no longer be distinguished ( Fig. 32k and 1) . Only a few hooks of detached flagella of B. circulans are free from this structure (Fig. 32n and o) ; that this may be a single element which separates from the filament is suggested in Fig. 32i .
(iv) The differentiation into the hook region and the filament in flagella of B. pumilus is less distinct; however, the hook has a diameter slightly smaller than that of the filament (100 to 110 A versus 110 to 120 A), and a slight constriction marks the beginning of the filament (Fig. 27 and  28) . Although no function can as yet be ascribed to the hook or basal complex, it is an element that can be characterized on the basis of morphology and fine structure.
DiscussION
The observations noted in this paper add to those previously discussed (3) concerning the intracellular origin of flagella in cells of various bacilli, and contribute evidence for their attachment to the cytoplasmic membrane. In contrast to cells of P. vulgaris and other gram-negative organisms, the cytoplasmic membrane of the bacilli can be distinguished from the cell wall not only when it is present inside ghost cells but also when separated from the cell wall. Flagella can be observed to be connected to this membrane when attached either to ghost cells or to membrane fragments. Furthermore, material associated with the proximal ends of detached flagella can be identified to be constituted in part of cytoplasmic membrane.
FIG. 16 and 17. Cells ofBacillus stearothermophilus 2184 from a culture that was incubated with 0.05% potassium tellurite for 4 hr at 55 C are shown in Fig. 16 . The elongated crystals of reduced tellurite are present inside the plasmolyzedprotoplast (p). The sites at which the flagella originate from the cells cannot be detected. After incubation for 2 hr at 55 C with 0.05% tellurite (Fig. 17a to c) , the cells appear to be less damaged, and infolded cytoplasmic membranes (icm) or mesosomes are easily identified; they are seen through the relatively electron-transparent cell wall (w). Afew large (Fig. 17a,  b ) or many small (Fig. 17c) elongated crystals of reduced tellurite (Te) are seen inside the protoplasts. They show no specific association with the mesosomes. Most of the flagella that are attached to the cells originate in areas of the protoplast devoid of reduced tellurite deposits (arrows). Negatively stained with PTA. Figure  16 , X S0,000; Fig. 17a, X 34,000;Fig. 17b , X 40,000; by phage infection. The membranous material attached to the proximal ends of the hooks is heterogeneous both in shape and size. Often it can be identified by its characteristicfine structure to consist, at least in part, ofcytoplasmic membrane (cm). In some cases, it appears that the electron-lucid material at the end ofthe hook results from folding of the membrane (fm) around the proximal end of the flagella. Notice the constriction (c) at the end of the hooks, and differences in the fine structure of the hook region (hr) and the filament (f). Negatively stained with PTA. Fig. 18 . The micrographs shown in Fig. 19 and 21 are at a higher magnification, and reveal thefine structure of the differentiated regions oftheflagella: the proximal hook region (hr) and thefilament (f). In Fig. 19 the oblique direction of the subunits on the filament is marked with arrows. Note that the length of the hook region (hr) may vary; also note the constriction (c) at the end of the hook and the material attached to the base of theflagella, especially the disc-shaped (d) structure in Fig. 19c , and the diffuse (dif) appearance of the attached material in Fig. 19f The existence of specialized structures at the proximal ends of flagella, analogous to the basal structures of flagella of eucaryotic organisms, cannot be established unequivocally. The material associated with the proximal ends of the flagella either attached to ghosts or membrane fragments, as well as of detached flagella, appears to be heterogeneous. Doubtlessly, a portion of this material is cytoplasmic membrane, and its shape is caused by the folding of the membrane around the site of attachment of the flagellum. Whether part of this electron-lucid, mushroom-or disc-shaped material is a true structural entity cannot be established from the data available. The possibility exists that this structure, if it is a real entity, is unstable under the experimental conditions employed, and therefore not always observable. Yet, the fact that this structure is more easily demonstrable in cases of greater cytolysis speaks against such a possibility. Since it has not been possible to ascribe specific morphological characteristics to it, this material cannot be identified when separated from the flagellum. Spherical structures, 110 to 140 A in diameter, which were observed at the base of flagella of P. vulgaris, were not seen at the bases of the flagella of the bacilli. However, in cells of P. vulgaris, the structures always were observed in instances in which flagella were attached to ghosts or to cell wall-membrane complexes, and may therefore be the result of the close association of the wall and membrane.
The functional relationship, if any exists, between cytoplasmic membrane and the flagellum is still unknown. Attempts to correlate the sites of origin of flagella on the membrane with sites of reducing activity by observing the deposition of crystals of reduced tellurite failed. These crystals accumulate inside the protoplast and were not observed to be associated with mesosomes, which have been suggested to be the sites of respiratory enzymes (8, 13) . The deposits were too large to serve as sensitive indicators of reducing sites on the cytoplasmic membrane, but they did adhere to the membrane when it was extruded from ruptured cells. Even then the sites at which flagella were attached were devoid of crystals of reduced tellurite; this is contrary to the suggestion by van Iterson and Leene (13) that reduced tellurite crystals accumulate near sites from which flagella emerge.
Differences in the fine structure of intact flagella from the various organisms have been investigated by high-resolution electron microscopy. The flagella of all the bacilli studied exhibit differentiated regions, which can be identified on the basis of their fine structure, namely, a proximal hook and the filament. This is in agreement with previous results (3) showing different patterns of the fine structure in comparable regions in flagella of P. vulgaris. As will be presented more fully in a separate communication, the flagellar hooks of certain bacilli are more stable to acid, alcohol, or heat than are the spiral filaments; this difference in stability increases confidence in the reality of the hooks and serves as a basis for separating them from the spiral filaments. Two regions having different fine structure in the filament of B. stearothermophilus 2184, and a specialized surface structure or basal complex associated with the hooks of the flagella of B. brevis and B. circulans, which appear as six cross bands, were shown. Fig. 30 . Theflagella that are attached to the edge of the membrane fragment originate in disc-or mushroom-shaped structure (arrows). A flagellum attached to dispersed membranous (in) material is seen in Fig. 31 . Notice the cross-banded structure associated with the hooks. Negatively stained with PTA. Fig. 30, X 125,000; Fig. 31 , X 500,000. Phase-lysed ghost cell ofBacillus circulans. Theflagella attached to the cell wall originate in mushroomor disc-shaped structures (arrows); the structure associated with the hook appears to be a series of cross-landed elements. Oneflagellum is attached to a smallfragment ofcytoplasmic membrane (cm) still inside the cell wall (w). Notice the round phage particles (ph) inside the ghost. Negatively stained with PTA. X 70,000. Fig. 31 . Notice the cross-banded structure associated with the hooks. Negatively stained with PTA. Fig. 30, X 125,000; Fig. 31 , X 500,000.
